The tunneling of carriers in stratified superlattice systems is analyzed in terms of the constituent effective mass tensor. The focus is on the effects on the tunneling which are caused by the side regions of an intervening barrier. Depending on the covalency and work function in the constituent layers of a superlattice, it is concluded that the kinematics in the regions on either side determined by the effective carrier mass and its interference with the band offset at heterojunctions leads to either a constructive or a destructive effect on the tunneling current. As an example, Si 1−x Ge x /Si and Al x Ga 1−x As/GaAs superlattices are demonstrated to reduce the tunneling current at certain fractional thicknesses and stoichiometries of the constituent slabs without affecting the lateral mobility. The findings show, in general, how manipulation of the carrier's effective mass tensor through stoichiometric/structural modulation of the heterostructure may be used to control the tunneling current through a given potential barrier, given that the characteristic de Broglie wavelength exceeds all the constituent dimensions, thus offering a method complementary to high-k technologies.
Introduction
Superlattices are a major tool to control the transport properties of semiconductor devices. The growth of stratified structures has achieved a level where the quality of interfaces is high enough to assume overall periodicity along the layers (see e.g. [1, 2] and references therein). The effect of structural anisotropy on the carrier flow is well studied in the quasi-classical Boltzmann limit, even in those cases where inelastic scattering due to phonons and thermally activated carriers from structural defect levels is involved in shaping the total current. However, an accurate description of quantum transport and particularly tunneling is less straightforward and the mechanism of coupling between the various components of the carrier quasi-momentum in the presence of the lattice anisotropy is not well documented. While multiple-scattering methods (see e.g. [3] and references therein) provide, in principle, a suitable and accurate computational tool for evaluation and characterization of quantum transport in mesoscopic systems, in practice a much simpler multi-scale approach including the combination of an envelope-function technique with first-principles band-structure methods has been proven to be sufficient at nanometer scale and above and accurate enough to correctly reproduce transport and optical features (see e.g. [4] . Since the introduction of the envelope function and effective mass theory for crystals with slowly varying inhomogeneities [5, 6] , the formalism of the single-band description has experienced multiple attempts to improve the accuracy of the method in structures with rapid inhomogeneities, leading eventually to the exact envelope-function theory (see e.g. [7] and references therein). It was shown that the accurate envelope-function equations are in general non-local, so that in the limit of slowly varying stoichiometry, the related non-local terms vanish and the ordinary local envelope-function approach is well justified. This local approximation has been proved to be fairly accurate in systems such as GaAs/GaAlAs quantum wells [8] or Si/Si 1−x Ge x strained layer heterostructures [9] [10] [11] . The non-local part of the potential in the envelope-function equation was demonstrated to be essential only close to the interface [12] ; its magnitude is likely related to the electron charge density in the vicinity of the interface [13] . In the Si/Si 1−x Ge x system, for example, the non-local ab initio pseudopotential assumes the form of the bulk potential already one layer away from the interface [9] , confirming that the associated electric dipole in the interface region leads basically to a rigid shift of band lineups. It was also pointed out [12] that the local effective mass equation for multilayer composite systems is justified if the zone center energies do not change significantly as a function of their position on the scale of the band gap. This is an essential point for simulation of tunneling through a multilayer structure which includes variable stoichiometry/chemical composition to justify the transmission/reflection matrix method in its simplest local envelope-function approximation. The transfer matrix method has been applied to various types of heterostructures with a constant effective carrier mass focusing mostly on the modulation of the work function to control the resonant tunneling [14] [15] [16] [17] [18] [19] . The advantage of the transfer matrix approach was demonstrated in modeling of resonant tunneling including spatially varying effective masses [4, 19] , which necessarily is related to the continuity of the envelope functions and the current flow at every discontinuity. Again, correlation between the longitudinal and transverse carrier dispersions, i.e. the effect of k on the longitudinal transport, has been established within the effective mass approximation [20] [21] [22] [23] .
Here, we concentrate on the effect of the actual variation of the mass tensor and the band offsets due to the modulated stoichiometry in the regions on either side of an intervening barrier on the tunneling current. It is assumed that the change of the characteristic de Broglie wavelength is small enough compared to the constituent slab dimensions. A setting of a field-effect transistor with a stratified structure of the channel can be considered as a framework guide. There is a growing interest in heterostructure field-effect transistors based on modulation-doped Si/SiGe quantum wells, due to the enhanced mobility of the carriers and the possibility of realizing quantum computation. Besides, non-thermal-equilibrium tunneling has been shown to control the carrier concentration in the well [24] .
The layout of the paper is as follows. To demonstrate a scaling effect of the carrier kinematics in the side regions of an intervening barrier on the tunneling probability, the formal WKB theory is discussed in detail in section 2 within the effective mass tensor approach. The section deals with the details of the transfer matrix method for a multilayer system, where it is shown that the tunneling current scales inversely with the square root of the mass along the normal to the interfaces and is proportional to the mass parallel to the interface. The use of multiple-junction side regions as a method to tweak the carrier kinematics and hence the current is suggested in section 3. In this section, a similar technique is applied to a binary heterostructure to evolve an effective equation for the effective mass and band structure for the entire system around the dispersion minimum; this is in fact a recursive method and can easily be applied to systems with any number of chemically different constituent slabs. Thus, the purpose of the section is to offer a universal recipe on how to design the side regions of an intervening barrier in order to control the tunneling current through the kinematic coupling effect. Numerical applications including first-principle simulations are given in section 4, where it is demonstrated that the modulated channel structure in Si/Si 1−x Ge x and GaAs/(Ga x Al 1−x )As layered systems has a diminishing effect upon the amplitude of the tunneling current for a certain aspect ratio between the constituent layers-a valuable observation with regard to power consumption reduction in gate-based devices. Finally, section 5 summarizes the key features and results of the current multi-scale approach in quantization of the tunneling effects on the nanometer scale.
The effect of the effective mass tensor on the tunneling in bulk systems
Our consideration of the tunneling is based on a quasiclassical picture of the electron propagation [25, 26] , which in its simplest realization involves a potential barrier sandwiched by semi-infinite ordered conducting or semiconducting materials, the latter obviously serving as a source of carriers.
While electronic parameters such as the band dispersion around local minima and band lineups at interfaces can be derived from first-principle calculations, it is more suitable to describe the carrier transport on the scale of the entire multiple-barrier system in terms of the envelope-function technique. The latter is briefly detailed below for the triple-slab situation sketched in figure 1 before the model of the non-uniform anisotropic effective mass tensor is extended to materials with stratified structures to establish an additional kinematic effect upon tunneling. The system's single-particle eigenfunction ψ at an energy is approximated as a superposition of the constituent Bloch solutions ψ i nk ,
where nk stands for the nk-band eigenvalue of the ith slab, and i = 1 if r is within the ith slab, and vanishing otherwise.
It will further be assumed that there is only a single band nk within each slab. The Fourier transforms of the expansion coefficients χ
can be considered as envelope wavefunctions obeying the following Wannier-type equation (see e.g. [27] ):
with v(z) ≡ 1/A dr v(r , z) defined as an effective potential v(r) of ions, electrons and external sources averaged over the planes of periodicity. Expansion around the band extremum implies the following well-known procedure:
where the fact is used that the periodic u nk (r) part of the bulk eigenvector ψ nk (r) = u nk (r)e ik·r does not vary rapidly with k z . The approximations used above lead to the following boundary conditions at every interface [4] (L is left and R is right of the interface):
,n ,
which imply continuity of the wave solution ψ (r) to equation (1) and its derivative along z corrected by a factor of the effective mass along the same dimension. No effects of scattering such as those due to phonons, interface roughness, impurities, defects, etc, are taken into account, i.e. the total energy and parallel-to-interface momentum k are assumed as being conserved while propagating through the stratified structure. Within the effective mass tensor m
nk /∂k α ∂k β approximation, a concept useful for relatively small deviations from the extremum of the band energy, the total energy is written as
where m z ≡ m zz and m =k ·m ·k denote projection of the tensor along z and along k in the xy-plane.
In terms of the transmission amplitude of the envelope function A 3+ ( , k ) at a given energy , the direct tunneling current density (current per unit area) is written [26, 28] as
where T ≡ |A 3+ | 2 , V g is the voltage bias across the barrier and the carrier state distribution is given by the Fermi-Dirac function n T, . Further derivation of the one-dimensional tunneling probability for the situation depicted in figure 1 is based on the matching conditions (5) and (6) and the WKB approximation for the wavefunction. The WKB method applied to the envelope function is obviously justified since the change of the characteristic de Broglie wavelength within each constituent slab is smaller than the dimensions of the slabs in the superlattice. General solutions are written in terms of right-and left-running waves with amplitudes A i+ and A i− , respectively, within each region as χ i (z) = A i+ e i dz k zi (z) + A i− e −i dz k zi (z) . As a result, the amplitude of the transmitted wave A 3+ as a function of the quasi-momenta gains a prefactor which includes the effects of the effective mass tensor modulated both transversely and longitudinally (see e.g. [29] ),
if a limit k z2 t 2 1 is assumed, t 2 standing for the thickness of the barrier. The direct tunneling current (8) across the layered structure can then be expressed as an integral over the regions of k which correspond to positive-energy states on both sides of the potential barrier. Coupling between k and k z established through the energy conservation (7),
translates into a specific dependence of the tunneling probability on the variable effective mass in the entire structure,
The integral in equation (8) is proportional to the overlap of the projections S i (k ,k z )= of a constant-energy surface on the k plane in the Brillouin zone on each side of the barrier [28] . The effect of the effective mass anisotropy on the direct tunneling current is easily revealed by integration over k in the limit of a high barrier width k z2 t 2 1. To keep the notation short, the longitudinal and transverse components of the tensor will be relabeled as m zi → m i , m i → µ i , respectively. A more tractable picture can also be obtained by omitting the effects of the space charge, that is, no effect of the Airy-type wave solutions in the channel or the image forces at the interface will be considered. Without loss of generality, it is assumed that the applied gate bias voltage V g is low enough to enable linearization of the tunneling, and the barrier potential v e (z) is approximated by a rectangle of height v B . Further assumptions are justified in the low-field limit: the z-dependence of k z2 is omitted, the quasi-momenta of equation (10) are replaced with Under the additional assumption of a cylindrical symmetry around the normal to the interfaces, i.e. small in-plane anisotropy, the current density reads Figure 2 . The direct tunneling current through an insulator, in arbitraty units, versus the longitudinal, m, and transverse, µ, components of the carrier effective mass tensor in the material adjacent to the insulator, obtained as a result of parallel momentum integration at room temperature in equation (8) . The current is nearly linear with respect to µ and changes as 1/ (m z ) within a certain range, confirming the approximate expression (12) . Note J gt (m) is multiplied by a factor of 10.
thus revealing the exponential prefactor expressed in terms of the transverse µ and longitudinal m mass tensor components. Therefore, the effect of anisotropy of the mass tensor can be understood as follows: the tunneling current scales linearly with the transverse mass µ 1 in the layer with itinerant carriers and is inversely proportional to the square root of the longitudinal mass m 1 .
In the case of a large magnitude of the voltage drop V g ≤ v B , the direct tunneling density can be written in a form similar to the Fowler-Nordheim expression, in which case a triangular shape of the potential drop V g (z) = (z − z t )V g /t 2 and crossing of the band edge energy with the slope of the potential drop within the barrier are taken into account. The high-field tunneling is governed by the variable tunneling path length z t = v B t 2 /V g and acquires an effective mass prefactor similar to the one in equation (12) .
To verify the mass tensor dependence of the tunneling current contained in the formula (12), equation (8) was integrated over k numerically. The results of the integration are shown in figure 2 , where the electronic parameters of a GaAs/Al 2 O 3 /metal triple-slab system have been used: m 2 = 0.4m e for the longitudinal effective mass in the barrier region, m 3 = 1.0m on the metallic side, the cut-off energy in the conduction band is = 0.02 Ha, the band offset between the conduction bands in the channel and the gate insulator is v B = 0.12 Ha and insulator thickness is t 2 = 20Å. A strong linear dependence of the tunneling upon the transverse mass µ 1 in figure 2 is justified in a relatively narrow range of values, 0 < µ 1 < m * GaAs = 0.067m e , above which the current becomes saturated, whereas it changes as the inverse of the square root of the longitudinal mass, (m z ), in the entire range of values. The reference value for the tunneling current J dt in GasAs has to be taken at µ = m = m * GaAs = 0.067m e . In general, the current is a total over all types of carriers with different effective masses in the conduction or valence band, which is the case in systems with multi-valley electronic structure. Therefore, the qualitative picture given so far for the tunneling has only limited value which is meaningful for amplitudes of the applied voltage V g below the band offsets between various valleys in order to the mitigate statistical mixing of different carriers. It is a well-known fact that the gate tunneling in field-effect transistors scales exponentially with the insulator thickness t 2 , voltage drop V g across the insulator, effective mass of the carrier m 2 within the insulator and the area of the interface between the gate insulator and the channel, the latter obviously related to the channel length. On the other hand, the tunneling is very sensitive to the effective mass tensor m * αβ of the carrier along the entire tunneling path including, e.g., channel and gate materials, which is an observation less appreciated by a discussion of gate leakage in pertinent systems.
The lateral differential mass effect in stratified systems
In the general case of a stratified structure the exponential prefactors in the expressions for the tunneling current have to be taken into consideration to account for the effects of the anisotropic dispersion of the carrier. In terms of the mass components m , m z parallel and perpendicular to the constituent slabs, respectively, a lower ratio m /m z implies higher lateral mobility and a lower longitudinal tunneling current, thus leading to an enhanced performance of gate-controlled semiconductor devices. There is an additional kinematic effect of stratification on the tunneling probability which is considered below.
So far, the effective mass has been considered as a parameter predetermined by a given stoichiometry such as GaAs/GaAlAs heterostructure and no possibility for an actual variation of the mass in the channel has ever been assumed. Here, we focus on a situation where the effective mass tensor and band offset of the constituent channel slabs are considered on the same footing. An appropriate potential profile is illustrated in figure 3 . The carrier supply region is modeled by a heterostructure with periodicity l = l 1 + l 2 truncated at the potential barrier i = 0, and its spatially modulated effective mass is approximated by bulk values m ,i , m ⊥,i , i = 1, 2. The derivation of the carrier wavefunction amplitudes A + , A − for incident and reflected waves, respectively, is established again by using the recursive transmission/reflection matrix approach. This is an approximation obviously justified for stratified systems with the constituent slabs much thicker than the minimum dimension for which the concept of constituent slab effective mass is still meaningful, i.e. l i a i , where a i stands for the lattice parameter of the ith slab. Furthermore, it is assumed that the majority of the carriers are in the vicinity of the equilibrium in the Brillouin zone. In order to capture the effect of the alternating effective mass in a feasible way, the entire heterostructure with i = 1, 2 components is replaced with an effective bulk material, so that its effective mass can then be used instead of m z1 in equation (9) obtained earlier for the transmission amplitude. Apparently, certain parallels can be made with band-structure 
calculations on a one-dimensional crystal performed within the Kronig-Penney model [30] , although the current model of the potential profile is essentially three dimensional and the carrier band dispersion is assumed to have an extremum in every heterostructure constituent domain.
From the matching conditions for the envelope functions and group velocity at each interface, and using the recursive effective mass method validated through the Bloch periodicity, χ q (z + l) = e iq z l χ q (z), where q ≡ {k , q z } stands for the wavevector of the superlattice. The dispersion relation of the heterostructure is determined through the following equation:
where
Thus, effective potential barriers
+ v i seen by the carriers due to the differential transverse mass µ ≡ µ 2 − µ 1 and the band offset between constituent slabs v ≡ v 1 − v 2 reduce the three-dimensional propagation problem to a single-dimensional task, as long as k is conserved during multiple scattering. The dispersion relation for the composite multilayer material is easily retrieved by solving equation (13a) analytically under some simplifying assumptions. Apparently,
serves as a primary parameter of the model. The longitudinal superlattice dispersion relation E z (q z ) = E 0 + q 2 z /2M z is readily established as a result of Taylor expansion in terms of δ, if one assumes the kinetic regime
as well as small variations of the transverse effective mass and band discontinuities along the tunneling path
At this point, we introduce a 'heteromass' M z as the effective longitudinal mass of the carriers in the entire superlattice to distinguish it from the actual effective masses of the carriers in every constituent slab. It is easily conjectured that
becomes effectively heavier due to the variation of the effective transverse masses contained in δ as long as k is non-vanishing, which is always the case when the system is away from its equilibrium distribution. Note that this 'fictitious' heteromass can be orders of magnitude larger than the bare electron mass. It has to be emphasized that the well-documented resonance effect [8, [14] [15] [16] [17] [18] of the alternating potential profile on the tunneling probability associated currently with the band offset v should not be confused with the 3D effect of the coupling between the k z and k momenta as reflected in the lateral anisotropy parameter δ. This is the effect of the modulated lateral effective mass causing an extra effect on the 3D tunneling, whereas modulation of the potential due to the variable stoichiometry in a heterostructure appears in our simplified picture as mere a k -independent shift in the heteromass M z . As follows from the structure of δ in equation (14) , both the effective mass anisotropy and the potential modulation effects on M z can either be additive or destructive with the magnitude of the lateral momentum k determining the overall strength of the interference. In general, the effects add to each other resulting in enhanced M z if the electrons experience lighter (heavier) lateral mass µ at higher (lower) work function v by traveling from slab 1 to slab 2, i.e. when µ v > 0. Alternatively, in the case of µ v < 0 the two effects interfere destructively leading to a complete annihilation at lateral momenta
given that the accelerating field is small enough to ensure that there is primarily a single-type valley population. An accurate determination of the quasi-particle population in the presence of an accelerating field is usually a matter of Monte Carlo simulations [31] , which include various scattering mechanisms such as electron-phonon scattering, impact ionization, interface roughness, Coulomb scattering, etc. Usually, for fields up to ∼ 10 7 V m −1 , the energy gain of the carriers does not exceed a few tenths of an eV, which translates as k < 0.1 in atomic units for the cut-off momentum. This observation also justifies our kinetic regime choice of a single-valley population picture adopted here for tunneling simulations.
Not only the presence of a heterojunction but also the fractional thickness of the constituent slabs has an influence on the timing of the carrier traversing the system. This pure wave effect is already contained in equation (11) for the tunneling probability as it scales as the inverse of M z (m 1z ) and therefore is impacted by the dimensional parameters contained in equation (17) . The appropriate condition can be derived from equation (17) at a given k , i.e. δ, by varying M z with respect to the slab dimensions l i . Analysis of the derivative confirms an effect of entanglement between the longitudinal and transverse flows of the carriers, for which |δ|(m 1 − m 2 )l 2 serves as a coupling parameter. Obviously, the latter gets stronger for carriers with higher lateral momentum k provided that the constituent mass tensors are anisotropic. Note that the effect is still there even if the constituent longitudinal masses are identical as long as the transverse mobility is varying across the heterostructure. As the mobility along a certain direction, on the other hand, is scaled as a scattering time averaged over all dimensions divided by the effective mass in the same direction, the lateral mass modulation translates into a transient time as the inverse of the group velocity for longitudinal transport. The expression for the M z considered as a function of the fractional thickness l 1 /l at a fixed superlattice period l = l 1 + l 2 a.u. has an obvious maximum at every non-vanishing k . However, the formula (17) is less accurate at higher values of k when the carriers have higher energy population. In general, there is an effect of the superlattice period l on the heteromass. This is due to the fact that the widths of the quantum wells and potential barriers scale with the structure period l at a fixed ratio between the constituent slab thicknesses l 1 /l 2 , which results in wider gaps in the heterostructure band structure and particularly in reduced dispersion of the bands. Thus, the scattering on the broader barriers will cause the longitudinal heteromass to grow, adding to the reduced overall tunneling current. This is confirmed by direct integration over k in equation (8) for the direct tunneling current density j dt through a multi-barrier set, after m z1 has been replaced by M z (k ) according to equation (17) . The resonance of the band offset and the lateral modulation of the effective mass µ = 0 in the hetero-channel upon the heteromass lead to an anti-resonance effect on the tunneling current evaluated at a fixed energy of the carriers = 0.4 eV. In order to capture this and related effects which are contributing to the magnitudes of the potential barriers and quantum wells in the heterostructure more accurately, one has to go beyond the approximation of small potential perturbations used above in the derivation of equation (17) . Extension to situations with higher values of the structure period l, larger k and therefore higher electric field in the channel can be made by treating the inverted band dispersion relation given by equation (13a) numerically. Writing the inverted dispersion q z (E) as
where F(E) is given by the equation (13b), one easily verifies the following formula for the longitudinal heteromass M z : It is assumed that the derivatives in equation (17) are taken at the minimum of E(q z ), i.e. where q z (E) = 0. Obviously, a condition |F| < 1 has to be observed in order to ensure the real solutions E(q z ). Numerically, the function F(E) has been extended analytically in the complex plane in order to enable imaginary k 1 and k 2 , i.e. in order to capture the situations when the carrier energy E is below the barrier maximum or maximum k 2 /2µ i caused by the transverse degree of freedom.
4. Applications: Si 1−x Ge x /Si and (Ga x Al 1−x )As/GaAs heterostructures Two systems, Si 1−x Ge x /Si and (Ga x Al 1−x )As/GaAs, have been chosen for illustrative purposes for the effects of the carrier mass anisotropy conjectured with heterojunctions upon tunneling transport. This particular choice is justified by the high promise which these systems have for semiconductor technology, primarily because of the enhanced mobility as compared to that of silicon. Yet, by miniaturization of the channel length, the route inevitably leads to problems of enhanced leakage, which is mostly contributed by the direct tunneling currents. As was shown above, evaluation of the effect of the structural anisotropy on the tunneling can be achieved by using the constituent mass tensor components and potential parameters such as the barrier height and band offsets only. Besides, only a minimum of information about the carrier thermal quantum statistics is needed as long as the consideration is limited by the kinetic approximation (small deviation from equilibrium). The case of positive interference ( µ v > 0) between the effect of the band offset and the effective mass effect is exemplified by Ge/Si, with the mass parameters given in table 1, whereas AlGaAs/GaAs, with the corresponding data shown in table 2, serves as a system where the two effects have negative interference ( µ v < 0). However, the actual type of interference depends in general on many aspects such as the stoichiometry and related effects of strain, as well as the geometrical parameters of the heterostructure. The strain effects are particularly strong in the case of the Si 1−x Ge x /Si system, due to a lattice mismatch, which amounts to a considerable 4% in the case of x = 1. As is well known [9] [10] [11] , there is a certain change of the effective mass and the band lineup parameters correlated with the stoichiometry of Si 1−x Ge x . The associated strain effect has been described earlier [9] in terms of the equilibrium elastic constants for bulk Ge (i = 1) and Si (i = 2) and the fractional thicknesses l i . Further consideration is limited to the effects of strain on the conduction state parameters only, in which case there are six-fold degenerated -symmetry valleys in bulk Si with the lowest energy located close to the X-point, and a -symmetry minimum at the L-point in bulk Ge. However, the -states in unstrained Ge are only a few tenths of eV away from the L-minimum, thus increasing the probability of the carrier population nesting with different symmetries at elevated temperatures and high fields. This statistical effect of mixed symmetries is out of the scope of the present work. According to the deformation potential approach [32] , the -valleys under uniaxial strain αβ become inequivalent: the bands along [100] and [010] split off from the one along [001]. This results in four-fold and two-fold degenerated states with overall splitting between them which scales as the relative change of strain zz − xx . For example, the magnitude of the average valley shift amounts to about 0.1 eV in Ge-matched strained silicon, with a maximum strain of ∼ 0.04. The L-minima in Ge are not affected by [001] strain. It was pointed out [9] that, to a linear approximation, one should expect that the band discontinuity in the Si 1−x Ge x /Si system will have a small ∼10 −2 eV negative shift (type I lineup) up to x < 0.8 and a small positive shift (type II lineup) at x > 0.8 if the Si(001)-matched condition is used, which corresponds to the low fractional thickness l 1 /l ∼ 0. The conduction carriers in the case of Si(001)-matched a preserve their -character, i.e. no change of the constituent effective mass throughout the heterostructure has to be expected. The case of Ge(001)-matched layers which corresponds to the high fractional thickness l 1 /l ∼ 1 is different: there is a positive shift of up to a few 10 −1 eV as the concentration of Ge goes up. Besides, at x > 0.8 there is a change of the carrier symmetry from to L, which implies a considerable change of the effective mass tensor, with repect to both its longitudinal and lateral components. The particular stoichiometry of Ge/Si has been used here for demonstrative purposes, since in this case the L-states are relatively well separated from the states and the entire consideration can be carried out statistically in terms of a simple single-band model. To this end, the band discontinuity scales linearly with the fractional thickness λ ≡ l 1 /l, i.e. v(λ) = v 1 λ + v 2 (1 − λ), with v 1 ∼ 0.01 Ha in the extreme case of λ → 1, when the Ge slab is relaxed and the Si is strained, whereas in the opposite case of λ → 0, i.e. when the Ge is strained and the Si is relaxed, the gap between the lowest -state in Si and the L-state in Ge is about v 2 ∼ 0.02 Ha. Generalization to a multiband situation is rather straightforward.
To stay within a reasonable range of relevance, it was assumed that the band discontinuity in the Si/Ge heterostructure is 0.01 Ha (type II lineup), which is weighted more toward structures with smaller fractional thicknesses l 1 /l (thicker Si slabs) and obviously is less accurate for larger l 1 /l ∼ 1 (more like a Ge-matched structure). This choice is also due to the fact that experimentally it is more challenging to grow Ge-rich Si 1−x Ge x slabs thicker than just a few layers, since in that case the system usually develops thread dislocations because of the high tensile stress. The results of numerical simulations for the effective heteromass M z as a function of the fractional thickness and lateral momentum k in a prototype Si 1−x Ge x /Si stratified system are shown in figure 4 . The effects of the constituent mass anisotropy and the band discontinuities are obviously adding to each other, illustrating the case of µ v > 0.
The current density given by expressions (8) and (11) was evaluated using results for M z (l 1 /l, k ) numerically obtained from equations (13)- (20) Another extreme situation, this time of the destructive 1D and 3D effects on the tunneling current, is realized in the AlGaAs/GaAs quantum well heterostructure, which is the subject for the remaining part of this section. According to ab initio theoretical studies, as well as cyclotron and optical measurements, see [1] and references therein, there are three major valleys in the electronic structure of GaAs, which are located at the , L and X points, in the order of their alignment on the energy scale, the first is the lowest. This order is known to be opposite to the other end compound, AlAs, and scales on the phase diagram of Al x Ga 1−x As almost linearly [1] . This gives a good opportunity to manipulate the effective mass components by just changing the stoichiometry in the ternary alloy, whereas our particular choice was made for Al 0.5 Ga 0.5 As, since in that case the lowest occupied valley is located at the X point. Ab initio calculations for an Al 0.5 Ga 0.5 As bulk system have demonstrated an increase of the conduction band effective mass m * Al 0.5 Ga 0.5 along the normal to the interface plane by a factor of 20.0 as compared to that of GaAs m * GaAs . Besides, there is an increase of the alloy effective mass parallel to the interface µ * Al 0.5 Ga 0.5 by a factor of 3 relative to that of GaAs µ * GaAs . The values of the mass tensor components in the bulk GaAs and AlGaAs, zinc-blend structure, are listed in table 2 for all types of valleys. Figure 6 , top panel, shows M z in the conduction band as a function of the fractional thickness l 1 for k varying between 0 and 0.097 a.u., with the band offset between AlGaAs and GaAs set to zero in order to emphasize the effect of the mass anisotropy. The results of similar calculations but with a band offset of v = 0.2 eV are shown in the middle panel of figure 6 . Similarly to the case of the SiGe/Si system, the tunneling current density j dt in a field-effect-transistor set using the AlGaAs/GaAs heterostructure as a channel, Al 2 O 3 as the insulating layer and Au/Cr as the operating gate shows a considerable reduction due to the resonance mass effect, as shown in figure 7 .
There are different trends with respect to the heterostructure dimensional parameters related to the two mechanisms of the tunneling channel. Anisotropy of the band dispersion demonstrates a strong impact of the structural dimensions on the heteromass M z : for systems with smaller period l, tunneling carriers with high enough lateral momentum k become heavier in a heterostructure with a larger fraction of GaAs, i.e. when the carriers have an opportunity to spend more time in the space domain with less localization. Also, the maximum enhancement of M z is achieved if the actual thickness l 1 of the ternary compound-based slab does not change for various l. This is in contrast to the effect of the variable work function which is essentially one dimensional: M z at various global periods l is mostly enhanced at a fixed ratio between the band-offset-forming constituent slabs, which is at around l 1 /l 2 ∼ 3 for AlGaAs/GaAs. These trends are depicted at the bottom of figure 6, where Max(M z ) is plotted as a function of the fractional thickness l 1 /l at various total heterostructure periods l: the thin line stands for the 1D effect of the band offset and the bold line describes the 3D effect of the effective mass anisotropy.
Among the other distinct features easily seen in figure 6 is the opposite trends of the two mechanisms with respect to the period of the heterostructure: at smaller l, the 3D effect of the anisotropic localization tensor is dominant, whereas the multi-barrier effect prevails at larger l. Therefore, there is a whole list of parameters accessible by using a heterostructure such as the anisotropy of the bonding covalency, distinctive work functions, structure dimensions and the observation that the two effects can in general add or subtract, which can be used in practice to design a system with predetermined tunneling features. As such, reduction of the gate leakage in field-effect transport devices seems to be one of the potential areas for application.
Conclusions
The tunneling of carriers in stratified superlattice systems is analyzed in terms of the constituent effective mass tensor. WKB analysis shows that the tunneling current scales Figure 6 . Similar to figure 4, but for the prototype AlGaAs/GaAs heterostructure. The effects due to the band offset and mass anisotropy have anti-resonance character and interfere destructively at around k ∼ 0.033 a.u. Note the two ranges of clustering for M z maxima: the one due to the mass anisotropy occurs at l 1 ∼ 0.45l, whereas the one due to the band offset is mostly around l 1 = 0.85l. The graph at the bottom illustrates Max(M z ) as a function of the fractional thickness l 1 /l at various total heterostructure periods l: the thin line stands for the 1D effect of the band offset and the bold line describes the 3D effect of the effective mass anisotropy. The constituent effective mass tensor components used in equation (17) are taken from table 2.
inversely with the square root of the mass along the normal to the interfaces and is proportional to the mass parallel to the interface. This observation alone hints toward an alternative method to control the tunneling current through a given barrier by tweaking the kinematic properties of the carriers in its side regions. Modulation of the side regions through adding extra heterojunctions is suggested as one such recipe. It is shown in detail how the tunneling probability in stratified systems is controlled not only by the differential effective mass effect in the direction of the tunneling current, but also by a kinematic coupling between the longitudinal and transverse momenta of the carriers scaled with the differential effective mass effect transverse to the current. The effect is shown to be present even if the work functions of the constituent slabs are identical, i.e. even if there is no potential barrier between the slabs. Analysis is assisted by the derivation of a formula for an effective superlattice representing the side regions of an intervening insulator, which demonstrates clear minima of the tunneling current at certain configurations of the superlattice constituent dimensions. The findings show how the relatively simple concept of the anisotropic effective mass tensor can be used in designing tunneling devices with desired features, particularly with reduced leakage current. The method is applied to a binary heterostructure by evolving an effective equation for the effective mass and band structure for the entire system around the dispersion minimum; this is in fact a recursive method and can easily be applied to systems with any number of chemically different constituent slabs. The purpose of the method is to offer a universal recipe for the design of the side regions of an intervening barrier in order to control the tunneling current through the kinematic coupling effect. As an example, Si 1−x Ge x /Si strained layer heterostructures and Al x Ga 1−x As/GaAs quantum wells are demonstrated to reduce the tunneling current at certain fractional thicknesses and stoichiometries of the constituent slabs without affecting the lateral mobility. Interference between the well-known 1D effect of the band offset between stoichiometrically different layers in a multilayer structure and the 3D effect of the variable effective mass anisotropy is shown to lead to either destructive or constructive effect on the current. This is due to the different origins of these two mechanisms: the 1D effect is related to the work function modulation and is determined in general by the surface potential of the constituent materials, whereas the 3D effect is based on the modulation of the covalent bonding, which manifests itself in the kinematics through the anisotropic mass tensor. This makes the suggested methods of tunneling control more volatile in practice. Based on these observations, it is concluded that the anisotropy of the carrier mass serves as an extra tool for control of the tunneling current, which is particularly important in overall reduction of the power consumption in pertinent technologies. The method is also considered as complementary to the existing high-k methods in gate-leakage reduction technologies.
